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With their good energy efficiency and characteristics that allow the adjustment of light intensity and 
spectral composition, light emitting diodes (LEDs) have opened up new research prospects for nutrition 
supply, pollution control as well as energy conversion and conservation. The potentials of LED as an 
effective light source for studies conducted in aquatic environment such as disinfection, fish behavior, 
biomass production, and photocatalyst activation have been explored to a greater extent since 1980's. As 
the third paper of a series that reviews LEDs' applications in scientific researches, this work concentrates 


Keywords: in the researches on red, yellow, green, blue, and ultraviolet LEDs' applications published since mid-1990. 
LED The review is composed to demonstrate that LEDs are well qualified to succeed its more energy 
hee demanding counterparts in the research performed in aquatic environment. In addition, the authors have 
Fishery compiled a table that includes the findings covered in their previous works, which list some common 
types of LEDs and their respective usages in scientific researches. 
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1. Introduction 


LEDs are the first light source to make available the true 
spectral composition control. They permit the modification of 
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light intensity and wavelength to match the medical treatment 
requirements [1]. They can also match to plant photoreceptors to 
optimize production, as well as to influence plant morphology [2]. 
As such, the use of LEDs marks great improvements over existing 
indoor agricultural lighting. Also, LEDs have become the new 
favorite, following laser and intense pulsed light, in medical 
treatment and phototherapy. 

In addition to a brief development history of LEDs, the previous 
reviews [1,2] of the researches that use LEDs for indoor plant 
cultivation and biomedical applications have indicated that the 
effective wavelengths are centralized in red, blue, and infrared 
segments for agricultural productions and medical treatments. 
These reviews have also suggested that the researches about the 
use of other wavelengths would lead to additional discoveries. To 
mend the gap that has been left behind from these reviews and to 
further demonstrate the versatility of LEDs, this paper inspects 
some researches that use yellow and green light LEDs and 
examines literatures in the areas of fishery, environmental, bio- 
mass productivity, and animal behavior adjustment. 


2. Environmental applications 


Ultraviolet light (UV) has become a growing alternative to 
chemicals in drinking water disinfection since UV inactivates chlorine 
resistant pathogenic organisms without producing known hazardous 
by-products [3,4]. Mercury lamps have been the primary source of 
UV radiations for conventional water purification as well as waste- 
water treatment. Low pressure mercury lamps emit nearly mono- 
chromatic UV light at a wavelength of 254 nm [5]. However, besides 
hazardous mercury contents, mercury vapor lamps are bulky; low 
shock resistant; energy consuming; and short lived (~4000- 
10,000 h). Using UV LEDs to perform the same function can eliminate 
all these disadvantages. 


2.1. Disinfection 


In addition to causing oxidation and other damages to DNA 
molecules via preventing their replication and transformation, UV 
activates the production of reactive intermediates such as hydroxyl 
radicals from water and organic matters. These radicals oxidize 
membrane and proteins of microorganisms as well as chemical 
pollutants such as pesticides [6], endocrine disruptors [7], and 
polycyclic aromatic hydrocarbons [8]. DNA absorbs UV between 
200 and 300 nm [9], with a peak absorption (dependent on the 
target organisms) around 260-265 nm, which is the most effective 
germicidal range |10]. At higher wavelength range of 270-280 nm, 
DNAs' UV curve still displays significant absorption. It is, therefore, 
safe to say that the wavelengths of reasonable UV sources for 
water disinfection are between 240 and 280 nm. 

Bowker et al. [11] have conducted a research to determine the UV 
fluence-response of three non-pathogenic microorganisms (i.e., MS-2 
coliphage, T7 coliphage, and Escherichia coli). They have compared the 
microbial UV dose responses under 255 and 275 nm LEDs and that 
under 254 nm low-pressure mercury lamps. The results indicate that 
(1) the mercury lamps have better E. coli and MS-2 inactivation 
efficiency than the LEDs of both wavelengths, (2) the 275 nm LEDs 
and the mercury lamps have similar T7 inactivation efficiency, 
(3) LEDs of the two wavelengths have similar microbial inactivation 
efficiency on MS-2, and (4) the 275 nm LEDs are more efficient on T7 
and E. coli than the 255 nm ones. This study indicates that LEDs are 
suitable for UV disinfection although their low power output makes 
long exposure times necessary to induce significant results, UV LEDs 
are appropriate for point-of-use, low flow disinfection applications 
until their higher power output versions become available. 


Wirtele et al. [12] have investigated the suitability of GaN-based 
UV LEDs for water disinfection and concluded that these LEDs 
provide a promising alternative for decentralized and mobile water 
disinfection systems. After evaluating the performance characteristics 
of the LEDs under various water treatment requirements, these 
researchers designed a module with LEDs of 269 nm and 282 nm 
and use it with Bacillus subtilis spores for bioanalytical testing. The 
results indicate that UV LEDs effectively inactivate the test organism 
during both static and flow-through tests in varying water qualities. 
First flow-through tests demonstrated a linear correlation between 
inactivation and fluence. For the same fluence, the 269 nm LEDs 
attained a higher inactivation level than their 282 nm counterparts. 
The study also shows that the 282 nm LEDs' higher photon flux tends 
to compensate their lower inactivation level. 

Chevremont et al. [13] have investigated the efficiency of UV-A 
(315-400 nm) and UV-C (100-280 nm) LEDs on bacteria inactiva- 
tion using bioindicators of fecal pollution in wastewaters. Among 
four parameters (i.e. pH, bacterial density, exposure time, and 
wavelength) tested on simple bacterial cultures, the wavelength 
and the exposure time factors tend to trigger more significant 
responses. The combined wavelengths of 280/365 nm and 280/ 
405 nm have the best bactericidal effect. No bacterial reactivation 
has been identified after 60 s of exposure. In another experiment 
[14], this group of researchers have studied the efficiency of UV-A 
and UV-C radiations on bacterial and chemical indicators. Through 
monitoring the endurance of fecal bioindicators in wastewaters as 
well as the oxidation of conventional organic matter and the 
aromatic pollutant, they have found that combining UV-A and UV- 
C results in better microbial reduction comparing to a single 
bandwidth. The combination of the two oxidizes up to 37% of 
creatinines and phenols. Such efficiency is comparable to what 
achievable with the use of photocatalyst like anatase titanium 
dioxide (TiO2). A more recent study of photoactivated disinfection 
(PAD) using LED [15] has shown a reduction of the microbe 
colony-forming unit (CFU) counts in saline by 1.42 logio after 
30 s and by 1.99 logi9 after 60 s compared with negative controls. 


2.2. Photocatalyst activation 


Fujishima and Honda [16] discovered the photocatalytic activity 
of TiO2 when they used UV to irradiate TiO} electrode to split H20 
for H2. With a 3.2 eV band gap, TiO can generate electron-hole 
(e--ht) pairs and become a highly active photocatalyst when 
irradiated with UV. The e~ (a strong reducing agent) in conductive 
band can react with Oz to produce O°- (02+4e~ +2077). The ht 
(a strong oxidizing agent) in valence band can pull the charges from 
H20 to produce OH~ (2H20--20H~ +H2+2h* ). These free radical 
species can attack organic molecules via radical addition, hydrogen 
abstraction, or electron transfer [17] and thereby efficiently degrade 
organic materials [18]. H202 is also generated during the photo- 
catalytic process [19,20]. UV LEDs in combination with H202 are 
promising for wastewater treatment via photodegradation of aqu- 
eous phenols and other organic compounds [21 |. Researches in the 
field of TiOz applications using UV have been abundant [22-26] as 
UV is able to match the 3.2 eV band gap of TiO. Considering UV's 
hazard to the human eyes, however, strategies have been developed 
to adapt TiO to visible light. 

Cheng et al. [27] have used blue LED activated TiO2/Fe30,4 
particles to evaluate the photocatalytic activity efficiency of the 
particles. The result indicates that blue LED is a feasible light 
source to activate the photocatalytic effects of TiO2/Fe30, in both 
freshwater and seawater. The particles activated by the energy- 
saving blue LEDs are fully capable of disinfecting marine fish 
pathogen in seawater. Compared to UV, blue LED has the advan- 
tage of the same effect with less harm to human eyes. Lu et al. [28] 
have shown that TiO2/magnetic Fe30,/floating fly-ash cenospheres 
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photocatalyst exhibits a high catalytic efficiency and excellent 
photochemical stability. Their experiment demonstrate a 75.32% 
removal efficiency for enrofloxacin hydrochloride residue degra- 
dation under visible light after 60 min. 


2.3. Sensing device 


LEDs, due to their small size, can be readily integrated with 
microchip as an excitation source [29] and therefore have attracted a 
significant attention in the analytical field [30]. Among works on LED 
applications in this field; Yao et al. [31] have developed a microfluidic 
device that integrates a green organic LED and a thin film inter- 
ference filter into a single chip for proteins fluorescence detection; Su 
and Lin [32] have developed a method to analyze riboflavin in urine 
with LED-induced fluorescence detection and capillary electrophor- 
esis; and Kicova’ et al. [33] have described a device using UV-LED for 
photometric detection in a capillary electrophoresis. 

The detection device for ammonia (NH3), an important micro- 
nutrient and intermediate of the nitrogen cycle in the aquatic 
systems, has become of interest to environmental pollution control 
industry. Ammonia can cut the growth or reproductive capability of 
aquatic organisms. High concentration of NH3 can cause nutrient 
enrichment in water ecosystem and thereby depletes oxygen, sets 
off toxicity, and brings about human health hazard. Ammonia is also 
an atmospheric base that causes alkaline pollutant in freshwater 
[34]. The US and the European Union are among the countries that 
routinely monitor NH3's in their wastewater. Japan also monitors 
the ammonia contents in their drinking water [35]. 

Xue et al. [36] have developed a microfluidic device integrated 
with a fluorescence detection system for detecting ammonia in 
aqueous samples. They mounted a 365-nm UV LED, an excitation 
source, with a band filter on a microchip. With the presence of 
a reducing reagent, Na2SO3, the ammonia sample can react with 
o-phthaldialdehyde (OPA) on-chip. This sample can produce a 
fluorescent isoindole derivative that emits 425 nm fluorescence 
signals when excited with the UV LED. This device can detect NH3 
levels in precipitations and water bodies as well as being used to 
detect of other analytes via fluorescence. 

Food crisis arisen from mad cow disease, foot-and-mouth 
disease, and chicken flu virus has brought about global food safety 
concerns. Such concerns consequently raise the fishery industry's 
interest in developing fast, accurate, reliable, objective, cost-effec- 
tive, and non-destructive methods to evaluate real-time freshness 
of seafood products. Approaches for determining fish quality 
include sensory (odor, taste, texture), physical (texture, electrical 
properties), chemical (lipid oxidation, total volatile basic nitrogen or 
TVB-N) and microbiological (total viable count or TVC) [37]. 

Pacquit et al. [38] have demonstrated an on-package sensor for 
real-time monitoring of fish freshness. The sensor contains bro- 
mocresol green, a pH-sensitive dye that responds to basic volatile 
spoilage compounds via color change. The dye's maximum absorp- 
tion wavelength shifts from 438 nm to 615 nm when the pH of the 
dye turns from acidic to basic. This color change is monitored with 
a reflectance colorimeter based on a photodetector and yellow 
LEDs (590 nm), which have good spectral overlap with the 
absorbance spectrum of the dye's basic form. The studies of the 
sensor's characteristics and its response with standard ammonia 
gas have verified that the sensor response correlates with bacterial 
growth patterns in fish samples. This result has made feasible for 
real-time monitoring of spoilage in various fish species. 


3. Biomass production 


Algae capable of producing high starch/cellulose can be a great 
alternative to food crops for bioethanol production without 


compromising food supplies, rainforests, or arable land [39]. 
Microalgae have become one of the global research focuses thanks 
to their ability to produce an intracellular lipid feedstock suitable 
for biodiesel conversion [40-42]. 

An effectively integrated algal system can minimize the negative 
effects of COz and water pollution while providing useful chemicals 
to drive down the costs of green fuels [43]. Along with the oxygen 
generated in the photoautotrophic conditions, microalgae produce 
various value-added by-products. Some microalgal species are able 
to accumulate 50-70% of oil/lipid per dry weight and can produce 
more oil per hectare than any other energy crop. Thus, microalgae 
have been recognized as an important material for biofuels [44]. 
Due to algae's huge genetic diversit, however, improving algal 
biomass productivity with cost-effective processes is still tricky. 
As cost-effective technologies that would allow efficient biomass 
harvesting and oil extraction are yet to be developed, intense 
research in harnessing algae and their industrial wastes to produce 
environmentally friendly fuel is expected [45]. 


3.1. Algal cultivation 


This section assesses the microalgae cultivation literatures that 
involve the use of green and yellow lights LEDs, which are rarely 
used in the indoor plant cultivation since red and blue lights are 
much better sources that drive photosynthetic metabolism [2]. 

Spirulina platensis (a blue-green microalgae with high proteins, 
carotene, vitamins, phycocyanin and linolenic acid) is often used as 
a sample species to investigate microalgae's growth patterns, 
photosynthesis pigment contents, and light pattern responses 
[46-48]. Chen et al. [49] have studied red, yellow, green, blue, 
and white LEDs of various intensities to investigate the growth of 
S. platensis and the effects of light sources on its chlorophyll a (Chl) 
and phycocyanin (Phy) production. They have found that (1) red 
light is the best for algae growth, (2) yellow light gives the best 
specific Chl production rate with a light intensity of 750 or 
1500 pmol/m?s, (3) blue light yields the best specific pigments 
(for both Chl and Phy) production rates at 3000 pmol/m?s, and 
(4) neither green nor white LEDs make the performance list in this 
experiment. 

The unsatisfactory performance of green light is expectable 
because chlorophyll reflects instead of absorbing green light. As for 
white LEDs, different spectra may appear white due to metamer- 
ism. There are several ways to fabricate LEDs that generate white 
light. One is to mix the light from individual red, green, and blue 
LEDs to form white light. Another one is to convert the light from 
monochromatic UV or blue LED to white light using phosphor 
materials [50]. It is possible that the white LEDs used in their 
experiment does not contain the right light quality to perform. 
Researchers who wish to conduct experiments using white LEDs in 
the future should make a note of this. 

The results of another S. platensis study [51] under LEDs of 
various wavelengths and illuminations confirmed that red light is 
the most effective light source for the species’ photoautotrophic 
cultivation. Blue LEDs yield the lowest biomass due to the absence 
of blue absorption bands in chlorophyll. As there is no need to direct 
energy to the less efficient segments, using narrow bands red LEDs 
instead of fluorescent lamps to drive the photosynthesis of blue- 
green microalgae in artificial environments constitutes a good 
energy saving practice. Nevertheless, further investigation is worth- 
while since using LEDs of different spectrum segments for photo- 
synthesis may trigger different biochemical processes of values. 

Das et al. [52] have studied biomass productivity and fatty acid 
methyl esters (FAME) derived from intracellular lipid of Nanno- 
chloropsis sp. They grew Nannochloropsis sp. in both phototrophic 
and mixotrophic culture conditions under red, green, blue, and 
white LEDs of various intensities. The magnitude of maximum 
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specific growth rates as recorded are observed, in descending 
order, under blue, white, green, and red LEDs. While the maximum 
volumetric FAME yield is achieved in the cultures exposed to blue 
LED due to the highest biomass productivity, the maximum FAME 
yield occurs in the cultures exposed to green LEDs. For a given 
light intensity, incremental exposure of light over the cell growth 
cycle saves energy by about 20% relative to continuous illumina- 
tion. Red lights play a more important role than green lights in 
photosynthesis since green plants reflect, rather than absorbing, 
mostly green and near-green light. However, Nannochloropsis is 
different from chlorophyll-based microalgae since it lacks chlor- 
ophyll b and chlorophyll c. Nannochloropsis’ capability to build a 
high concentration of carotenoid pigments that include astax- 
anthin, zeaxanthin, and canthaxanthin might be the reason why 
green LEDs outperformed the red ones in this case. Koc et al. [53] 
have used red LEDs, blue LEDs, and fluorescent lights respectively 
in the photobioreactors to grow Chlorella kessleri for oil content 
improvement in algae. Results have indicated that red LED 
produces the highest number of cells with the highest weight. 


3.2. Bacteria cultivation 


Photosynthetic bacteria (PSB) contain carotenoids, bacterio- 
chlorophylls, and other photosynthetic pigments. These pigments 
help PSB to convert light into chemical energy via anoxygenic 
photosynthesis and grow autotrophically with CO, as the carbon 
source [54]. PSB, provide prey organisms and serve as diet 
ingredients, have been widely used in aquaculture production 
as probiotics because they act as a disease-prevention agent. 
Rhodopseudomonas palustris (R. palustris) is a phototrophic PSB 
bacterium that can modulate its photosynthesis in accordance 
with the amount of light available. R. palustris responds to low 
light environment by increasing the level of light-harvesting 
complexes for light absorption [55]. 

Kuo et al. [56] have investigated the effects of eight light sources 
on R. palustris growth and carotenoid content with dark condition as 
the control. The specimen were cultured for 144 h under the ~ 2000 
lx light sources that include incandescent lamp, halogen lamp, 
fluorescence lamp, and LEDs of white, yellow, red, blue, and green 
lights. The results indicate that blue LEDs are the best for the growth, 
the carotenoids contents, and the productivity of R. palustris. The blue 
LED is most energy efficient as it saves 75% energy, compared with 
incandescent lamp, while increasing carotenoids productivity by 
348%. Yellow LEDs outperform all other light sources, except for blue 
LED, in carotenoids productivity. R. palustris grows significantly 
slower in the dark than under illumination. Except for the green 
LEDs, which do not contribute any more growth than the dark 
condition, LEDs generally have higher energy efficiency for bacterial 
growth than conventional light sources. 

Combining LED illuminations of various wavelengths may 
result in the finding of the highest species-specific absorption 
spectrum and the optimal approaches to maximize cultivating 
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Fig. 1. Concept of integrated bioremediation with microalgae applications. 


efficiency for a given species. A study conducted by Katsuda et al. 
[57] has made a good example of this. In that study, red LEDs are 
used first to enhance the cell growth of H. pluvialis and then the 
light source is switched to shorter wavelength (380-470 nm) for 
astaxanthin production improvement. 


3.3. Pollution control via biomass production 


Plants, microbes, and algae absorb nitrogen from air, soil, or 
water and store it as biomass. Over time the decomposed biomass 
releases the nitrogen back to the environment. Nitrogen is essen- 
tial for a healthy ecosystem, if in excess, however, it causes toxic 
algal blooms, exhausts oxygen, and evades biodiversity [58]. Less 
than 20% of water-soluble phosphate in fertilizer is absorbed by 
plants [59]. The rest seeps through soils, ends up in groundwater 
or surface water bodies [60], and causes water pollution. 

Nitrogen and phosphorous, while being serious pollutants in 
some water bodies, are key nutrients to algae. Therefore, algae can 
thrive in nitrogen- and phosphorus-rich wastewaters [61]. Algae 
remove nitrogen and phosphorus from their environment and 
thus decrease the nutrient levels and improve water quality [62]. 
Capturing these nutrients to use as fertilizer provides an added 
value to biomass. 

Together with light and carbon, nitrogen and phosphorous are the 
most important inputs for biofuel production. Light penetration may 
be difficult due to the dense algal cultures and is the main limiting 
factor for algal productions both in field and bioreactor. While green 
light is the least favorable wavelength in plant cultivation, its 
penetration depth is 20 times over that of blue and red lights [63]. 
As such, the study of better use of green light in dense algal cultures 
is an interesting research direction. Fig. 1 demonstrates a concept 
that integrates bioremediation with biofuel creation. This concept 
features nitrogen and phosphorus capturing and retrieval with 
benefits of water treatment and algae production. 


4. Fishery 


Light is an environmental factor with characteristics that deeply 
affect the physiology of fish [64]. These characteristics include 
quality (wavelength), quantity (intensity), and periodicity (photo- 
period). LEDs have become popular in aquaculture industry that 
include fish farming because they have narrow bandwidth outputs 
and permit intensity and spectrum manipulation to simulate the 
environmental conditions that match the target species' sensitiv- 
ities [65,66]. Light attenuates with increasing depth and the spectral 
composition of light changes differentially underwater. While the 
long end of visible spectrum penetrates relatively shallow waters, 
the short end becomes predominant in deeper area. 


4.1. Fish behavior 


Fish, with the responsiveness to light differ from species to 
species [67], can detect light intensity and spectrum changes by 
retinal and extra-retinal photoreceptors [68,69]. As a result, 
defining optimum photo conditions based on species is necessary 
when supporting the development of fish and inducing fish 
reproduction in artificial environment. Metal halide lights used 
as standard in commercial Atlantic salmon sea cages to enhance 
productivity may create spotted bright lights that could compro- 
mise fish welfare. With an intention to study the feasibility of 
replacing metal halide lights, researchers have been investigating 
to see if LEDs would cause potential adverse effects in fish. Migaud 
et al. [70] have conducted a study in post-smolt Atlantic salmon, 
Salmo salar, to determine the effect of increasing intensities of blue 
LED light on the fish light perception and stress response and to 


N. Yeh et al. / Renewable and Sustainable Energy Reviews 32 (2014) 611-618 615 


examine their potential retinal damage under these conditions. 
Their results demonstrate that salmon perceives blue LED light at 
0.1 m from the light source between the intensity of 0.199 W/m? 
and 2.7 W/m?, and that salmon exposed to high intensity blue LED 
light shows an increase in plasma cortisol and glucose levels 
within 3h. Further, 24h after the lights are on, these levels 
returns to a basal state, which indicates that the fish has adapted 
to the stress event following the initial stress response [71]. 
However, the fish exposed to the white LED and lower blue light 
intensities shows no such acute stress response. 

Fishing lamps are key components for squid luring and catching. 
The light sources of fishing lamps have evolved from torch, 
acetylene, incandescent, mercury, fluorescent, and halogen lamps 
to the current metal halide lamps [72]. Increasing fishing light 
illumination, while increases deep fishing, increases the cost of fuel 
and related equipment. To reduce the cost, some researchers have 
looked into the behavior of squid in response to lights of different 
sources [73,74]. Researches that review LEDs' illuminating charac- 
teristics as the potential fishing lamps and report their prospects for 
being developed as fishing lamps are abundant. These researches 
include the study of the relationship between underwater irradi- 
ance and distribution of squid under fishing lights [75], radiation 
and underwater transmission characteristics of LED fishing lamps 
[76], and squid catching efficiency along with squids' reaction to 
LEDs of different colors [77] and to the shadow section of LEDs [78]. 

In order to identify the appropriate wavelength for fishing light 
and decide which LED is more effective on squid fishing and 
catching, Jeong et al. [79] have studied the retinular responses and 
the light adaptation conditions of common squid (Todarodes 
pacificus) to blue, red, and white LEDs in the water tank. Their 
results, although have not demonstrated the most ideal wave- 
length for fish catching, indicate that the blue light is an excellent 
luring source because the retina of squid is highly sensitive to blue 
wavelength. The results of their lab experiment and field test show 
that the blue LEDs are useful for squid gathering and the white 
LEDs, which induces good light adaptation, are useful for squid 
fishing. Combination of these two sources is desirable for combin- 
ing results of satisfactory gathering and fishing. Application of 
LEDs that can efficiently emit monochromatic light is expected to 
bring enormous energy savings. Using blue LED, which has out- 
standing transmission characteristic in the sea, helps to save over 
90% of energy according to this research. 

Matsushita et al. [80] have monitored fuel consumption of 
coastal squid jigging boats. The observation has indicated, with all 
lamps turned on, the average fuel consumption for boats over 
16 gross tons (GT) and equipped with 53 metal halide lamps (MHs, 
with ~150 kW total output) is 54-63 l/h per boat. When LED 
modules are in place of 23 MHs (i.e., when the boat is equipped 
with LED modules and 30 MHs) to drop the total lighting output to 
99 kW, fuel consumption drops 31% to an average of 42.3 l/h per 
boat. When uses only LEDs (6.48 and 9.00 kW total output, 
respectively), fuel consumption drops further to 22.4 and 25.5 l/h, 
respectively. This research shows that applying low-energy LEDs in 
the squid jigging fishery help to save fuels as well. 


4.2. Fish production 


Migaud et al. [81] have investigated spectral effects on Atlantic 
cod performances using blue, green, red, and white (peaks at 
460 nm and 560 nm) LEDs. The study shows that the larvae reared 
under narrow bandwidth blue (455 nm) and green (530 nm) lights 
or white light with high proportion of shorter wavelength develope 
75%-80% more dry weight than those under red lights. This finding 
matches up with Downing and Litvak's [82], in which haddock (M. 
aeglefinus) raised under blue light (470 nm) feed more actively and 
capture more prey at the start of exogenous feeding. 


Via investigating the effects of LED irradiance and light spectrum 
on the growth of a model scleractinian coral species, Galaxea 
fascicularis, Wijgerde et al. [83] have demonstrated that LED can be 
a suitable light source for coral aquaculture. The study indicates that 
the light skewed towards blue segment results in high coral growth. 


4.3. Fish reproduction 


Photoperiod can regulate reproductive activities in seasonal 
breeders. Bromage et al. [84] have used long and short photoper- 
iodic conditions in aquaculture to manipulate reproduction activ- 
ities in certain fish to prove the influence of photoperiod to fish 
reproduction behavior. The sapphire devil (Chrysiptera cyanea, a 
reef-associated damselfish) is a useful model for the researches 
about the effect of light characteristics on the reproductive activity 
of reef fish. Bapary et al. [85] have reported that the reproductive 
performance of this species exhibits photoperiodism. Under long- 
day conditions (light to dark ratio of LD=14:10), vitellogenesis is 
induced in the sapphire devil in the non-reproductive season and 
in the ophthalmectomized fish [86]. In a latter experiment that 
examines the wavelength involvement in the ovarian develop- 
ment of sapphire devil, Bapary et al. [87] have reared ten fish in 
each group under long photoperiod using red, green, blue, and 
white LEDs; with the fish reared in natural light as control. This 
45-day experiment during the fish's non-reproduction season has 
demonstrated that the ovarian maturation occurs in fish exposed 
to red (627 nm), green (530 nm), and blue (455 nm) lights, but not 
to fish under white or natural lights. The results demonstrate that 
long days are stimulatory to sapphire devil reproduction and that 
wavelength of light influences sapphire devil's gonad maturation, 
with the influence level of red>green>blue. Such level of 
influence suggests that the activating spectrum is distributed in 
longer wavelength. A red-light-sensitive opsin is functionally 
expressed in the deep brain to stimulate the photoperiodic ovarian 
development in the fish. As shallow reefs are rich in long 
wavelength, the effectiveness of long wavelength may be attrib- 
uted to sapphire devil's adaptation to the natural photic environ- 
ments. To confirm the effectiveness of red light on the initiation of 
ovarian development, Takeuchi et al. [88] have conducted a study 
exposing the sapphire devil to long-day condition (LD=14:10) 
created with red light LED (627 nm). They have observed the 
appearance of vitellogenic oocytes in ovaries within one week. 
This result suggests that the fish immediately undergo oocyte 
development under red wavelength and that red-light-sensitive 
cone opsin may be a candidate of deep brain photoreceptor 
molecule involved in the fish's photoperiodic ovarian develop- 
ment. In shrimp culture, Mueangdee et al. [89] have made a LED 
containing pipe fixed inside the broodstock tank of Penaeus 
monodon to detect the spawning. The device has been able to 
detect egg releasing as early as 22 s after the onset of spawning. 


5. Conclusion 


The researches reviewed in this paper indicate that LEDs have 
become light source of great popularity for the studies in aquatic 
environment. Using narrow band LEDs to rule out non-productive 
spectrum from the wavelength-specific applications can be a 
desirable production-enhancing and energy-saving practice. 

Table 1, which includes the findings covered within the pre- 
vious work by Yeh et al. [1,2], lists some common types of LEDs 
and their respective uses in scientific researches. While the LEDs in 
red, blue, and infrared segments are more effective for both 
agricultural production and medical treatment, green and yellow 
LEDs have found their uses in aquaculture investigation. The uses 
of orange LEDs for scientific researches, however, are relatively 
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Some common types of LEDs and their potential for agriculture, medical, and environmental uses. 


LED color 


Infrared 
Far red/near infrared 


Red 


Orange-red 


Orange 
Yellow-orange 
Yellow 


Green 


Blue 


Ultraviolet 


rare. Nevertheless, developing sensing device for detecting che- 
micals or dyes that have absorbance spectrum in the range of 590- 


Peak wavelength (nm) 


> 760 
730 


700 


~660 
~650 


~ 630 


~610 
590-610 
~590 
~585 
570-590 
~565 


530-555 
500-570 
450-500 
~450 


~400 
250-290 
210-400 


620 nm marks a good start. 


The following conclusions can also be drawn from the table: 


è LEDs in the infrared and ultraviolet range are the dominant 


Material and structure 


GaAs, AlGaAs 
GaAs 


GaP:Zn-O 


GaAlo3s5ASo.65 
GaASo6Po.4 


GaASo.35Po.65:N 


GaAso.25Po.75:N 
AlGalnP 
GaAso15Po.85:N 
GaAso.14 Po.s6:N 
GaAsP, AlGalnP 
GaP:N 


AlGalnN 

InGaN, AlGalnP, AlGaP 
ZnSe, InGaN 

GaN 


AlGaN 
GaN 
AlGalnN 


light sources used in the biomedical studies. 


e LEDs in the red and near infrared range generate the most 


favorable results for indoor planting. 


© LEDs in the yellow and green range are the most common light 
sources used in the aquaculture applications such as fish 


behavior study and algae-based biomass production. 


@ Red LEDs are the predominant light sources used in the 


agriculture researches. 


è Ultraviolet LEDs are the prevailing light sources used in 


biomedical researches and environmental disinfections. 


è Blue LEDs, the most versatile light sources, are suitable for all 


areas listed in Table 1. 


The characteristics of LEDs that allow light intensity adjustment 
and spectral composition control are unmatchable by the conventional 
light sources. Therefore, it is not risky to say that LEDs have set their 
positions to replace most of these sources in the field of scientific 


research. 
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Substrate 


GaP 


GaAs 


GaP 


GaP 
GaP 
GaAs 
GaP 
GaP 
GaN 


SiC 


AIN 


Diamond 


Suitable for 


Oral mucositis prevention and management (880 mm) [90] 
Microalgae carotenoid accumulation [91] 

Low level light therapy (630-1000 mm) [92] 

Plant morphology, tissue culture and growth [93] 

Plant seedling, space agriculture [94] 

Wound healing, mucositis prevention, and tissue repair [95,96] 
Algal culture [97,98] 

Allergic rhinitis treatment [99] 

Embryo development, egg hatching rate improvement [100] 
Incision and wound healing, [101] 

Plant photo morphogenesis, plant tissue culture and growth [93] 
Plantlet morphology control in micro propagation [102] 

Acne treatment [103] 

Biomass production (algae growth, microalgae cultivation) [104] 
Plant tissue culture and growth [105] 

Wound healing, anti-inflammatory [106], 

Photodetector for pesticide detection [107] 

Sensors for fish spoilage monitoring [38] 

Algae growth, non-chlorophyll photosynthesis pigment production [49] 
Bacteria cultivation [55] 

Fish spoilage monitoring [38] 

Biomass production (bacteria cultivation, microalgae cultivation) [55] 
Biomass production (algae growth) [45] 

Fishery, fish behavior [108] 


Biomass production (algae growth, astaxanthin production)| 109,110] 
Dental composite polymerization [111-113] 

Fishery, fish behavior [77] 

Newborn jaundice treatment [114] 

Photocatalyst activation [27] 

Plant disease control [115] 

Plant tissue culture and growth [93] 

Rheumatoid arthritis treatment [116] 

Acne treatment [117] 

Dermatological researches [118-121] 

Disinfection, water treatment and purification [11-14] 
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